Understanding the kinematics of the tongue during normal speech will provide important information both for accurate modeling of the acoustics of the vocal tract and for clinical diagnosis and enhanced treatment of persons with abnormal speech due to tongue motion impediments. Measuring tongue motion can be done using magnetic resonance imaging (MRI) which cannot provide the temporal resolution required for normal speech, but can create pseudomovement by imaging a single moment in a vocalization from multiple repetitions of a speech gesture. Finding the relevant biomechanical information from these measurements requires a global kinematic model of tongue motion. hliminary results from modeling the tongue show that the motion is not that of a rigid body. Indeed, a kinematic model can reveal important biomechanical features, such as regional muscle stretch and velocity requirements as well as the strain distribution. The parameters which describe the kinematic model also provide a quantitative means of comparing the tongue motion, and hence the acoustic control of different subjects.
INTRODUCTION
The motion of the tongue during normal speech is both rapid and complex. To understand both normal and abnormal speech and to provide part of a scientific basis for a comprehensive model of vocal tract acoustics, a rigorous mechanical model of the motion of the tongue during speech needs to be developed. A realistic model needs to account for the fact that the tongue musculature is fluid saturated and that the deformations which accompany motion must be locally volume preserving. These deformations are important because they reveal the underlying nature of the tongue kinematics and are key to the tongue kinetics. In three dimensions, the tongue motion must reflect the interaction of the muscles which are actively contracting and also those which remain passive during any given motion. The tongue motion is the result of the interaction of both lengthwise and crosswise muscle deformations, which delineate the degrees of freedom of tongue behavior.
IMAGING SOFT TISSUE
There are several ways in which the motion of soft tissue can be imaged. The fint is to track points, such as using bi-planar cine xray imaging systems to identify the 3-D motion of radiopaque markers. Although this approach has been used extensively [I] to quantify the motion of canine hearts, it is unsuitable for speech due to the amount of x-ray exposure.
Similarly, 2-D marker tracking can be done using x-ray microbeam or electromagnetic articulomeny [2,3]. However, these methods do not provide motion information on the entire tongue surface or of points within the tongue. Another method with which to analyze the motion of the tongue during normal speech is ultrasound 141 which detects sharp boundaries in acoustic impedance at the tongue's upper surface. Ultrasound has the temporal resolution required to image the rapid motion of the tongue during speech. However, it does not provide the motion of the entire tongue, only the upper surface.
An excellent method for imaging the entire tongue is magnetic resonance imaging 0. An MRI image consists of pixels each with a defined gray-scale intensity. These are obtained by quantifying the characteristic magnetic dipole relaxation times in polar molecules to differentiate between tissue types in static images. Additional information and "pseudomovement" can be obtained from MRI if the tissue is "tagged." This involves both a non-uniform excitation of the soft tissue and the subsequent imaging of this tissue. Essentially, magnetic markers, the tags, are placed in regular patterns and then imaged. Since the magnetic fields decay in time, MRI provides about a 500 ms "window" during which meaningful movement data can be gathered. The resolution of the tags in a single moving image is poor, so multiple repetitions of the behavior are performed at a single moment in time across all repetitions. This creates a "pseudomovement," that is, the average of multiple, nearly identical, movements [5].
IMAGE PROCESSING
Ultrasound can measure tongue motion during normal speech.
However, current ultrasound imaging has t h e trausmitting/receiving transducer placed below the jaw and images the upper tongue surface only. Often, the tip of the tongue is lost because of the air space below it. Mid-line (mid-sagittal) data is easily acquired using common ultrasound devices. Using more advanced instruments, it is now possible to reconstruct the full three dimensional tongue surface [6] .
MFU imaging has been used to reconstruct 3-D airway volumes for static sounds-vowels and fricatives [7, 8, 9Wut 
MODELING TONGUE KINEMATICS
In developing a modcl of global tongue motion, the kinematic constraints d a t e d with the volume p a v i n g nature of the tongue and the physiological constraints of the muscplanrn need to be accommodated This procedure is similar to a kinematic model developed to describe cardiac motion [10, 11, 12] . The preliminary model presented hae, examines only the mid-sagittal plane and docs not limit the muscle stretches of the inter-fiber shear. It accounts for global rigid-body motions, homogeneous stretches in the longitudinal (x) and vertical (y) directions.
homogeneous shear in the mid-sagittal plane, as well as simple bending in the vertical and horizontal directions. For example, if the position of a material point in the refennce (rest) configuration is (X,Y), then its displacement as a result of the horizontal, or xbend deformation, is given by u = -2 04 XY in the x direction and v = a , , X2 in the y direction. These deformations would be sufficient to modd the motion fmn rest to N and from rest to /U/, but cannot account for the sharp depression in the / d image (which is a result of strong contraction in the frontal d o n of genioglossus). An additional deformation mode was therefore added, which accommodated this surface depression This shape took the general form With such sparse data defining the motion of the tongue, for some models of deformation it is possible to find a number of physiologicaUy unreasonable choices of model parametax, each of which describe deformations of the surface which result in shapes close to that which is observed This is because only surface profile information is available. Examples of such deformations would include deformations akin to the hour-glassing seen in some finite element computations and strains which are regionally highly inhomogeneous or beyond tbe physiological limits of muscle conuaction or extension. To counteract this possibility, we intend, in future, to include sltIcomcrc stretches using the auatomy of the tongue as kinematic constraints.
With MRI tagging, the same discrete material points (identifying a single piax of muscle tissue) arc imaged in both the reference and the deformed images. Tags an also distributed throughout the tongue musculature, so data from the tongue interior is also available. Again, an optimal choice of model parameters is one which minimizes the distance between the tag positions in the deformed position as observed and as computed by the model. However, in this case, the one-to-one comspondence between the tags in the reference and deformed images. malres the optimal choice of model parameters easier to find. The pnsent dataset was untagged. This dataset was collected for other purposes, but has been used in this project as test data for developing the algorithm for identifying tongue kinanatics from surface motion. 
RESULTS

I
I I i surface (see figure 1) and the "fit" in each case was weaker in this region. Also, in the observed /a/ image (see figures 1 and 2), there was a region of sharp shape change just under the tip that was not resolved by the model.
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Smau open sq& are the rest position. Notice that the primary motion in figure 2 is associated with the formation of the depression in the tongue upper surface. The primary motion in figure 3 is a contraction of the longitudinal dimension consistent with the dominant negative x-stretch and positive x-bend modes of deformation required to form fi.
The primary motion in figure 4 is a combination of a contraction of the longitudinal dimension and a planar shear which lifts the rear of the tongue and depresses the front of the upper surface. These motions are shown by the dominant negative x-stretch and xy-shear modes of deformation required to form /U/ (see table 1 ).
The shapes shown in figures 2. 3 and 4 show that the tongue profile, as defined by the model, accurately represented the observed profile on the upper surface of the tongue. Near the back of the tongue, the MRI images did not clearly define the tongue Other strain profiles (for lil and /dl are much less heterogeneous, showing a gradual variation in strain associated with more uniform muscle activation. As an example, the contours of Lagra@an shearing strain in the x-y plane (Exy) for N are shown in figure 6 . The large positive values for shear near the forward region of the tongue show that this area has to be sheared downwards. The negative shearing at the back of the tongue shows that this region is to be sheared upwards to form f i . 
CONCLUSIONS
Models of tongue motion can identify the specific modes of defonnation rapred to produce the tongue shapes associated w i t h various sounds. When the only infomation available is the tongue surface profile (such as in untagged MRI images or from ultrasound imaging of the tongue during speech) a global lrinematic model has to be developed for a demiption of tongue motion. The tongue deformation model can then be used to identify the magnitude of its different deformation modes and can be used to quantify physiologically important features, such as strains and muscle strerches.
The absence of discrete point motion and data in the tongue interior dramatically increases the complexity required to resolve motion and may be a source of si-cant uncertainty in the results.
Future models need to include the appropriate penalties for biologically uniikely motion (excessive sarcomen stretch. for example). Three dimensional models will have to be fonnulattd with the kinematic constraint of locally volume preserving deformationmodes.
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